INTRODUCTION {#SEC1}
============

Transfer RNAs (tRNAs) are essential molecules for all living organisms and play a fundamental role in decoding genetic information through the codon--anticodon base pairing between a messenger RNA (mRNA) and a tRNA molecule charged with the amino acid corresponding to the triplet sequences within ribosomes. The tRNA needs to be matured for the proper functioning of protein synthesis. In addition to the general translation event, tRNA-related fragments, so-called tRFs, have also been found to have roles in cell proliferation, regulation of gene expression, modulation of the DNA damage response, and tumor suppression ([@B1]).

During tRNA maturation, a splicing event occurs in the precursor (pre)-tRNA to remove the intron sequences. Either autocatalytic or enzymatic tRNA splicing mechanisms are adopted across the three domains of life. Group I self-splicing introns, which are auto-catalytically removed with an external guanosine-5′-triphosphate (GTP), are found in pre-tRNA from some bacteria and higher eukaryote plastids ([@B2],[@B3]). In contrast, introns of archaeal pre-tRNA are enzymatically removed by an RNA-splicing endonuclease (EndA) ([@B4]), and then, the two halves of the tRNA exon are connected by a GTP-dependent 3′--5′ RNA ligase (RtcB), an enzyme requiring manganese ([@B5]). Archaeal EndA is classified into four types: homotetramer (α~4~), heterotetramer ((αβ)~2~), and two different homodimers (α′~2~ and ϵ~2~), according to their subunit component and subdomain arrangement ([@B10]). The structural and functional features of archaeal EndAs have been well characterized; the overall structures show a common shape of rectangular parallelepiped, and the catalytic triad (histidine, tyrosine and lysine), along with two arginine or arginine and tryptophan residues responsible for substrate recognition, are well conserved ([@B11],[@B13]). The enzymatic tRNA splicing mechanism in the Archaea can also be found in eukaryotes, with the conserved structural and functional similarity between their EndA and RtcB enzymes suggesting their common origin ([@B11],[@B19],[@B20]). Archaeal and eukaryotic EndAs can recognize and remove introns, forming a structure known as the bulge--helix--bulge (BHB) motif, which consists of two bulges (3 nt) separated by one helix (4 nt) located at the intron--exon boundary of pre-tRNAs ([@B11],[@B21]). The majority of the canonical BHB motifs are found in the anticodon loop between position 37 and 38 (37/38) of archaeal pre-tRNA, although in some cases, this motif is observed in other RNA species such as pre-mRNA ([@B22]) and pre-ribosomal RNA (rRNA) and requires removal for their maturation ([@B25],[@B26]). The relaxed forms of the BHB motif, known as the non-canonical introns (HBh′ and hBH), have a disrupted 5′- or 3′-bulge, and in an extreme case, one of the bulges is missing to form a relaxed bulge-helix-loop (BHL) motif. It has been shown that only the (αβ)~2~ and ϵ~2~ types of archaeal EndAs can remove these non-canonical introns with the help of a structurally inserted 'specific loop,' in which the conserved lysine residue plays an important role in acquiring broad substrate specificity, i.e. the capability of cleaving introns located outside the anticodon loop, with the relaxed BHB motif lacking one of the two bulges ([@B13],[@B16],[@B27]). In comparison, eukaryotic EndA requires a mature domain of pre-tRNA for the removal of non-canonical introns ([@B11],[@B30]).

It has been hypothesized that the α~4~ type, which encodes a single catalytic subunit, constitutes the ancestral form of the EndA protein, and that subsequent subfunctionalization through gene duplication and fusion led to the emergence of the other three types (α′~2~, (αβ)~2~ and ϵ~2~) ([@B10]). While the EndAs found in Euryarchaeota are mostly α~4~ and α′~2~ types ([@B10]), the hyperthermophilic euryarchaeon *Methanopyrus kandleri* (MKA) genome has the α and β subunit genes encoding the EndA resembling the (αβ)~2~ type ([@B31],[@B32]). The (αβ)~2~ type is widely conserved within the TACK superphylum ([@B33]), including Thaumarchaeota, Crenarchaeota, and Aigarchaeota, with the exception of Korarchaeota, but is also found in the genome of *Nanoarchaeum equitans*, belonging to the Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaea (DPANN) superphylum ([@B34]). The evolutionary origin of the ϵ~2~ type remains elusive because it has only been discovered from *Candidatus* Micrarchaeum acidiphilum (Archaeal Richmond Mine acidophilic nano-organism (ARMAN)-1 and ARMAN-2), also belonging to DPANN ([@B12],[@B26]). Structurally, EndAs found in the TACK superphylum have acquired a specific loop in the N-terminus of the catalytic α subunit, known as a Crenarchaea-specific loop (CSL), capable of cleaving the non-canonical intron from pre-tRNA. Notably, the ARMAN-2 ϵ~2~ EndA also harbors an ARMAN-2-type specific loop (ASL) at the same structural location, and in both cases, a conserved lysine residue is responsible for providing the broad substrate specificity ([@B13],[@B28]). Organisms with (αβ)~2~ and ϵ~2~ EndA possess higher numbers of disrupted tRNA genes with features including multiple intron-containing tRNAs ([@B35]), split and tri-split tRNAs in which the tRNA fragments are encoded by two or three genes ([@B36],[@B37]), and permuted tRNAs in which the 5′ and 3′ halves of the coding sequences are inverted ([@B38]). Whereas the precise mechanism of intron insertion and disruption remains unclear, it has been proposed that acquisition of the specific loop in the EndA catalytic subunit, leading to the recognition of relaxed RNA intron motifs, allowed the overall disruption of the tRNA gene structure ([@B13],[@B39],[@B40]). To assess the above evolutionary scenario, we performed functional and structural studies of the MKA EndA, given that it stands as the only known (αβ)~2~ type that lacks the specific loop. The placement of *M. kandleri* in the archaeal phylogenetic tree remains debated owing to the high rate of gene loss, capture, and recombination ([@B41]). Thus, bioinformatics analysis was also applied to fully capture the correlation between tRNA gene diversity and EndA subfunctionalization through changes in unit/subunit architectures and the acquisition of specific loops.

MATERIALS AND METHODS {#SEC2}
=====================

Protein expression and purification {#SEC2-1}
-----------------------------------

The *M. kandleri* genomic DNA (BRC number, JGD7495) ([@B32]) was provided by Riken BRC through the National Bio-Resource project of MEXT, Japan. The genes encoding the α and β subunits of MKA EndA were individually cloned into the NdeI and BamHI sites of the vector pET-15 b (Novagen), which contains the coding sequence for a thrombin-cleavable N-terminal His6 tag, using the primers MKA_aF, MKA_aR, MKA_bF and MKA_bR, and designated as plasmids pETA and pETB. In pETB, the sequences of the thrombin recognition site were removed by inverse PCR using the primers Del_F and Del_R, resulting in pETB1. To obtain a plasmid expressing the fusion gene of β and α subunits of MKA EndA, the α subunit gene (including the nine coding sequences at its 5′ terminus, which encode three glycine residues functioning as the linker of the fusion gene) was amplified by PCR with pETA as the template DNA, using the primers GlyF and GlyR. Then, the PCR product was inserted into the site between the sequences of the β subunit gene and the stop codon in pETB1 using the In-Fusion HD Cloning Kit (Clontech), resulting in the plasmid pFMKAEndA. The primers used for the construction of the plasmid harboring the β/α subunit fusion gene are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. The pFMKAEndA plasmid was transformed into *Escherichia coli* BL21 (DE3) Rossetta2 (Novagen), and the transformants were grown in LB medium supplemented with 100 μg/ml ampicillin at 37°C. When the cell density reached OD~600~ = −0.8, isopropylthio-β-galactoside was added to a final concentration of 0.5 mM, and cells were grown for an additional 24 h at 20°C. Cells were then harvested by centrifugation (4320 × *g* at 20°C for 20 min). Twenty-three grams of the cells was suspended in 40 ml buffer A (50 mM Tris--HCl \[pH 8.0\], 400 mM KCl, 5 mM imidazole, and 5% glycerol) supplemented with Halt protease inhibitor single-use cocktail (Thermo Scientific) and then disrupted using an ultrasonic disruptor (model VCX-500; Sonics & Materials. Inc.). To remove a fraction of *E. coli* proteins by heat denaturation, lysed cells were incubated at 70°C for 20 min and pelleted by centrifugation (38 900 × *g* at 4°C for 20 min). The supernatant was loaded onto a Ni-NTA Superflow column (Qiagen) equilibrated with buffer A, and the enzyme was eluted using buffer A containing 500 mM imidazole. The eluted fractions were collected and loaded onto a HiTrap Heparin-Sepharose column (GE Healthcare) pre-equilibrated with buffer B (20 mM Tris--HCl \[pH 7.6\], 20 mM KCl, 10 mM 2-mercaptoethanol, and 5% glycerol). The bound protein was eluted with a linear gradient of buffer B containing 50 mM of 1.5 M KCl and then pooled. Ammonium sulfate was further added to a final concentration of 65% saturation. The precipitate was collected by centrifugation (38 900 *× g* at 4°C for 20 min) and dissolved with 300 μl of the buffer (10 mM Tris--HCl \[pH 7.6\]). The concentration of recombinant fMKA EndA was ∼7.0 mg/ml. The purity of concentrated fMKA EndA was confirmed by SDS-PAGE ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Mutant genes (Y295A, H303A and K334) were generated using the QuickChange site-directed mutagenesis kit (Stratagene), and the mutations were verified by DNA sequencing. Mutant proteins were expressed and purified in the same manner as for the wild-type protein. Recombinant *Archaeoglobus fulgidus* (AFU) and *Aeropyrum pernix* (APE) EndAs were prepared as reported previously ([@B28]).

Intron-cleavage assay by the splicing endonuclease {#SEC2-2}
--------------------------------------------------

The transcript of *M. kandleri* pre-tRNA^Asn^ (GUU) was prepared using T7 RNA polymerase as described in our previous report ([@B42]). For the preparation of the *M. kandleri* pre-tRNA^Glu^ (UUC) transcript, the plasmid harboring its coding gene was constructed using the Mighty TA-cloning kit (TaKaRa). The pre-tRNA^Glu^ gene was amplified by PCR from the plasmid DNA template and then transcribed using T7 RNA polymerase. The mini-helix RNA oligo forming the hBH motif was purchased from Hokkaido System Science, Japan. Splicing reactions were performed as follows: 0.45 nmol EndA was mixed with 4.5 nmol transcripts in 225 μl buffer (50 mM Tris--HCl \[pH 7.6\], 5 mM MgCl~2~, 6 mM 2-mercaptoethanol, and 50 mM KCl) and incubated at 70°C. Aliquots (50 μl) were taken at 1, 5, 10 and 15 min, and the cleaved RNA fragments were extracted using phenol/chloroform/isoamyl alcohol solution and analyzed using 15% PAGE/7 M urea. The gel was stained with 0.05% toluidine blue. To identify the cleavage sites, we further performed northern blot analysis ([Supplementary Figures S3 and S4](#sup1){ref-type="supplementary-material"}). After the cleavage reaction, the RNA fragments were separated by 15% PAGE/7 M urea and then transferred to a Hybond-N+ membrane (GE Healthcare) by electro blotting, and fixed by UV~254~ nm irradiation. Northern hybridization was performed with the hybridization buffer (GE Healthcare) using a 5′-^32^P-labeled DNA probe at 52°C overnight. Nucleotide sequences of the DNA probes used in this study are shown in [Supplementary Figures S3 and S4](#sup1){ref-type="supplementary-material"}. The hybridized bands were monitored using a FLA-2000 Typhoon laser scanner (GE Healthcare).

Crystallization of fMKA EndA protein {#SEC2-3}
------------------------------------

The concentrated solution of ∼7 mg/ml recombinant fMKA EndA was used for crystallization. Initial crystallization trials were set up in VDX48 plates with sealant (Hampton Research) using the hanging-drop vapor diffusion method and commercial crystallization screens from Hampton Research (Index, Salt RX, and Crystal screen). The drop solution was equilibrated against 200 μl of reservoir solution at 20°C. A few single crystals of fMKA EndA appeared after 4 days with Index screen reagent \#18 (i.e. 1.4 M sodium/potassium phosphate pH 6.9). The single crystal featured a rectangular shape with a full size of 200 × 100 × 100 μm. For the experimental phase determination by the single-wavelength anomalous dispersion (SAD) method, the crystal was soaked in mother liquor supplemented with 4.0 mM F~2~OsCl~6~ at 20°C for 6 h and then soaked in mother liquor at 20°C for 1 h. Cryoprotection of the native and Os-induced crystals was achieved by stepwise transfer to the respective artificial mother liquor containing 25% ethylene glycol. The crystals were then flash-frozen in liquid nitrogen.

Data collection and structure determination {#SEC2-4}
-------------------------------------------

X-ray diffraction data sets from native crystals (λ = 1.0000) and SAD data sets from Os-induced crystals (λ = 1.13986) were collected at 100 K on the BL26B2 beamline at the SPring-8 synchrotron radiation facility (Hyogo, Japan). All data sets were processed, merged, and scaled using the HKL2000 program ([@B43]). Using the deduced Os-SAD data set, all 10 Os positions were identified and refined in the orthorhombic space group *I*222, and the initial phase was calculated by using AutoSol in PHENIX ([@B44]), followed by automated model building using RESOLVE ([@B45]). The resulting map and partial model were used for manually building the model using COOT ([@B46]). The model was further refined by using PHENIX ([@B44]). Using the native data set and the refined model as a search coordinate, the structure of the fMKA EndA was determined by molecular replacement using the Phaser-MR in PHENIX ([@B44]). The model was further manually built with COOT ([@B46]) and refined with PHENIX ([@B44]). The structure of fMKA EndA was refined to a *R*~work~/*R*~free~ of 15.8%/19.6% at a 1.53 Å resolution (Table [1](#tbl1){ref-type="table"}). The space group of the crystal belonged to *I222*, where one fMKA EndA molecule is present in an asymmetric unit. The final model contained residues 14--180 and 190--359, 292 water molecules, and two PO~4~^2−^ molecules. The final model of the fMKA EndA structure was further checked using PROCHECK ([@B47]), showing the quality of the refined model. Ramachandran plots (%) of the fMKA EndA structure are tabulated in Table [1](#tbl1){ref-type="table"}. The structure factor and coordinates have been deposited in the Protein Data Bank (PDB code 5X89). All structural figures were generated using PyMOL (DeLano Scientific). The amino acid sequence alignment was generated using ClustalW 1.83 ([@B48]) and ESPript ([@B49]) programs.

###### Data collection and refinement statistics

                                 fMKA EndA                 fMKA EndA
  ------------------------------ ------------------------- -------------------------
  *Data collection*                                        
  Space group                    *I222*                    *I222*
  Cell dimensions                                          
  *a, b, c* (Å)                  77.674, 93.059, 126.109   77.528, 93.495, 126.206
  α, β, γ (°)                    90, 90, 90                90, 90, 90
  Resolution (Å)                 50 to 1.53 (1.56--1.53)   50 to 1.89 (1.92--1.89)
  *R* ~merge~ ^a^                4.7 (23.9)                5.7(17.7)
  *I* / σ*I*                     52.0 (8.7)                108.3 (31.3)
  Completeness (%)               100(100)                  100(100)
  Redundancy                     9.1 (9.0)                 29.4 (29.4)
  *Refinement*                                             
  Resolution (Å)                 38.85 to 1.53             
  No. reflections                69,045                    
  *R* ~work~ ^b^/ *R*~free~^c^   15.8/19.6                 
  No. atoms                      3,101                     
  Protein                        2,799                     
  Water                          292                       
  No. PO~4~^2-^                  2                         
  Avg*. B*-factors (Å^2^)        17.9                      
  R.m.s. deviations                                        
  Bond lengths (Å)               0.006                     
  Bond angles (°)                1.051                     
  Ramachandran plot (%)                                    
  Most favored                   95.9                      
  Additional allowed             3.8                       
  Generously allowed             0.3                       
  Disallowed                     0.0                       

The value in the parentheses is for the highest resolution shell.

^a^ *R* ~merge~ = ΣΣ*~j~*\|\<*I*(*h*)\> -- *I*(*h*)*~j~*\|/ΣΣ*~j~*\|\<*I*(*h*)\>\|, where \<*I*(*h*)\> is the mean intensity of symmetry-equivalent reflections.

^b^ *R* ~work~ = Σ (II*F*~p~(obs) -- *F*~p~(calc)II)/ΣI*F*~p~(obs)I.

^c^ *R* ~free~ = *R* factor for a selected subset (10%) of reflections that was not included in earlier refinement calculations.

tRNA gene prediction {#SEC2-5}
--------------------

tRNA gene information was obtained and updated for 46 archaeal species based on previous publications ([@B12],[@B38]). In addition, we predicted tRNA genes from four recently discovered DPANN superphylum members (*Candidatus Pacearchaeota archaeon* RBG_13_33_26, *Candidatus Woesearchaeota archaeon* RBG_13_36_6, *Nanohaloarchaea archaeon* SG9 and *Candidatus Mancarchaeum acidiphilum* Mia14), four Asgard superphylum members (*Candidatus Odinarchaeota archaeon* LCB_4, *Candidatus Lokiarchaeota archaeon* CR_4, *Candidatus Thorarchaeota archaeon* SMTZ1--83 and *Heimdallarchaeota archaeon* AB_125) and one Stygia superclass, *Hadesarchaea archaeon* YNP_N21, using tRNAscan-SE 2.0 with a setting of source 'Archaeal' and search mode 'Default' ([@B50]). tRNA gene candidates predicted with irregular loop or stem size were further subjected to BHB search using SPLITS, with the given parameters --p '0.5' --f ''−5' --h '4' ([@B51]) to predict correct intron sequences.

Phylogenetic analysis of EndA proteins {#SEC2-6}
--------------------------------------

We obtained conserved C-terminal domain sequences of 81 EndA protein units/subunits corresponding to the species used for the tRNA gene prediction. We excluded structural α′ unit sequences belonging to the archaeal orders Thermoplasmatales, Halobacteriales, and Archaeoglobales, due to the deletion of a sequence found in the C-terminal domain. Sequences were aligned using Seaview version 4 ([@B52]), and conserved core residues (45 amino acids in length) were used as the input for computing the maximum-likelihood tree using the PhyML v3.1 program ([@B53]) with default parameters of LG evolutionary model, aLRT for branch support, and the NNI tree search algorithm. The output data tree was visualized by iToL ([@B54]).

RESULTS {#SEC3}
=======

tRNA intron cleavage by the *M. kandleri* RNA-splicing endonuclease {#SEC3-1}
-------------------------------------------------------------------

According to the genomic tRNA database (GtRNAdb), 35 tRNA genes are predicted from the *M. kandleri* genome, among which seven genes are disrupted by intron insertion ([@B55]). RNA-Seq analysis has previously identified the matured form of *M. kandleri* tRNAs ([@B56]), indicating that these pre-tRNA species are likely processed by the *M. kandleri* RNA-splicing endonuclease (MKA EndA). The majority of the introns are located at the canonical position between 37 and 38 (37/38) in the anticodon loop of pre-tRNA^Asn^ (GUU), except the single relaxed HBh′ motif located at the position between 20b and 21 (20b/21) in the D-loop of pre-tRNA^Glu^ (UUC), which is a multiple intron-containing tRNA also harboring a canonical intron (Figure [1](#F1){ref-type="fig"}). To verify the removal of the two introns found in pre-tRNA^Glu^ (UUC), we first attempted to co-express the α and β subunits of MKA EndA in an *E. coli* expression system. However, recombinant proteins were not obtained, presumably owing to the formation of a non-active homodimer, as reported in the case of the (αβ)~2~-type nanoarchaeal EndA ([@B17]). Hence, we expressed each subunit separately, and the purified proteins were mixed in the presence of buffer solution with 6 M urea, allowing the partial unfolding of proteins for the promotion of heterodimer (αβ)~2~ formation. After the dialysis, very weak intron cleavage activity was observed, indicating that most of the subunits remained in an inactive state (data not shown).

![Splicing activity and specificity of AFU EndA, APE EndA and fMKA EndA. (**A**) *Left*, predicted secondary structure of MKA pre-tRNA^Asn^ (GUU) containing the intron with the BHB motif at the canonical position 37/38 (red). The two arrows show the cleavage sites. *Right*, splicing reaction of the MKA pre-tRNA^Asn^ (GUU) at 70°C for 5 min. (**B**) *Left*, predicted secondary structure of MKA pre-tRNA^Glu^ (UUC) containing double introns consisting of a non-canonical HBh′ intron at 20b/21 and a canonical intron at 37/38 (red). The two arrows show the cleavage sites. *Right*, splicing reaction of the MKA pre-tRNA^Glu^ (UUC) at 70°C for 5 min. Reaction mixtures were separated on 15% polyacrylamide/7 M urea gels. In each gel, 'N' (first lane) indicates the control (no enzyme). The cleavage products are shown using schematic models at the right-hand side of the gel.](gky003fig1){#F1}

To overcome this problem, we further constructed a recombinant fusion-MKA EndA (fMKA EndA) protein of α and β subunits to form an α--β fusion dimer resembling the native heterotetrameric structure. The enzymatic activity of fMKA was compared with those of α′~2~-type Euryarchaeota AFU EndA and (αβ)~2~-type Crenarchaeota APE EndA. Using *M. kandleri* pre-tRNA^Asn^ with a canonical intron as a substrate, we confirmed that all three types of EndAs were capable of removing the canonical intron from *M. kandleri* pre-tRNA^Asn^ in 5 min at 70°C. However, under the same condition, clear differences were observed for the cleavage pattern of pre-tRNA^Glu^ (UUC) harboring both canonical and non-canonical introns. Whereas the (αβ)~2~-type APE EndA could splice both the strict canonical BHB and relaxed non-canonical HBh′ intron located in the D-loop, AFU EndA and fMKA EndA failed to show the efficient removal of the non-canonical intron, instead leaving a sizable portion of the pre-tRNA 5′ fragment, suggesting that cleavage mostly occurred at the bulge of the HBh′ motif (Figure [1B](#F1){ref-type="fig"}). We have previously identified that the removal of the non-canonical intron by APE EndA is achieved by the acquisition of the CSL, which confers the ability to recognize both the strict and relaxed intronic forms ([@B28]).

To further characterize the splicing pattern and efficiency of intron cleavage by the three EndAs, we performed a time-sensitive intron cleavage assay using the same pre-tRNA^Glu^ (UUC) (Figure [2](#F2){ref-type="fig"}). The AFU and APE EndAs exhibited cleavage of the canonical intron within 1 min (Figures [2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}), whereas fMKA EndA required 5 min to obtain the same splicing pattern (Figure [2C](#F2){ref-type="fig"}). Thus, the rate of intron processing in the fMKA EndA is slower than that in the AFU and APE EndAs under the given experimental conditions. In addition, non-canonical intron cleavage by APE EndA was obtained after 1 min (Figure [2B](#F2){ref-type="fig"}), whereas a trace of the cleaved free non-canonical intron became visible for fMKA EndA only after 10 min (Figure [2C](#F2){ref-type="fig"}), and no clear evidence was seen for AFU EndA (Figure [2A](#F2){ref-type="fig"}). Northern blot analysis was further conducted to determine the relative positions of the processed tRNA fragments ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), although the shortest fragment between position A21 and G37 was not detected because the fragment could not be obtained by phenol/chloroform/isoamyl alcohol and ethanol extraction after the splicing reaction. From the splicing patterns of the three different EndAs, even after 20 min of incubation, it appeared that the non-canonical intron and canonical intron both remained to be processed. Among the remaining partially cleaved pre-tRNA fragments, the most prominent was the fragment corresponding to the non-canonical intron, followed by the sequence from the D-stem (Figure [2](#F2){ref-type="fig"}). Collectively, these results indicate that the complete removal of the non-canonical intron requires additional effort, and thus, removal of the canonical intron before the non-canonical intron likely occurs in the case of all three EndAs.

![Time-dependent intron cleavage activity of the MKA pre-tRNA^Glu^ (UUC) by AFU EndA (**A**), APE EndA (**B**) and fMKA EndA (**C**). Reaction mixtures were separated on 15% polyacrylamide/7 M urea gels. In each gel, 'N' (first lane) indicates the control (no enzyme). The cleavage products are shown using schematic models at the right-hand side of the gel.](gky003fig2){#F2}

X-ray structure of fMKA EndA {#SEC3-2}
----------------------------

The X-ray structure of the α--β subunit fusion protein fMKA EndA was determined at a 1.53 Å resolution using SAD (Figure [3A](#F3){ref-type="fig"}). Crystallographic statistics are tabulated in Table [1](#tbl1){ref-type="table"}. One molecule exists in each asymmetric unit of the fMKA EndA crystal. The N-terminal β unit (residues 14--178) is connected to the C-terminal α unit (residues 190--359) through the linker region (residues 179--189). The larger part of the linker region (residues 181--189, dotted red line in Figure [3A](#F3){ref-type="fig"}) and the N-terminal 6 × His tag plus the protease site (residues 1--13) was disordered. Two phosphate ions are observed at each of the β and α units. The N-terminal β unit consists of five α-helices (α1--α5) and eleven β strands forming mixed anti-parallel and parallel β sheets (β1--β5 and β6--β11). The overall structure of the C-terminal α unit is similar to the N-terminal β unit with mixed anti-parallel and parallel β sheets (β12--β16 and β17--β22) surrounded by the five α-helices (α6--α10). Figure [3B](#F3){ref-type="fig"} shows a homodimer structure of fMKA EndA, presumably resembling the native (αβ)~2~ heterotetramer. In particular, the overall shape of the homodimer is rectangular parallelepiped, which is similar to the shape of other active EndA structures ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). The dimer formation of fMKA EndA is achieved by the interaction of a negatively charged L10 loop within the β unit with the positively charged pocket of the α unit (dotted circle in Figure [3B](#F3){ref-type="fig"}). D167 in the L10 loop forms a salt bridge with K287 at a distance of 2.75 Å. Similarly, interaction between the α and β subunit is maintained by a β−β strand hydrophobic interaction (β11--β22). Both the electrostatic interaction and hydrophobic interaction are well conserved in all four types of EndA structures to facilitate intra/inter-unit assembly ([Supplementary Figures S5 and S6](#sup1){ref-type="supplementary-material"}).

![X-ray crystal structure of fMKA EndA. (**A**) Ribbon diagram of the monomeric structure in the asymmetric unit of the fMKA crystal. The α and β units are colored magenta and cyan, respectively. The N- and C-terminal ends are labeled as N and C, respectively. The secondary structures of the α helix and β strand are labeled (in order) as α and β, respectively. The disordered linker region connecting the β and α subunits is depicted by red dotted lines. Two phosphate ions are shown by the stick model (orange). (**B**) Ribbon diagram of the overall structure of the functional homodimeric complex. The β--β interaction responsible for inter/intra-unit formation, and the L10 loop and pocket responsible for dimer/tetramer formation are highlighted. (**C**) Close-up view of the active and substrate recognition sites. Three residues (Y295, H303 and K334) and two residues (R327 and W356) are expected to be involved in catalysis and substrate recognition, respectively. These residues are shown by a stick model (green).](gky003fig3){#F3}

Putative residues responsible for catalysis and substrate recognition {#SEC3-3}
---------------------------------------------------------------------

RNA cleavage is known to be conducted by the catalytic triad (tyrosine, histidine, and lysine) and the two substrate recognition residues (two arginines or arginine and tryptophan) that are well conserved among archaeal EndAs ([@B11],[@B57]). In fMKA EndA, we found candidate residues for the catalytic triad (Y295, H303 and K334) and two substrate recognition residues (R327 and W356) in the α unit responsible for recognition of the bulge structure in the BHB motif (Figure [3C](#F3){ref-type="fig"}). Notably, a single phosphate ion is bound to the catalytic pocket near the catalytic triad, thereby mimicking a phosphate group of the substrate RNA.

To further explore the possibility that the candidate residues are involved in intron cleavage and substrate RNA recognition, we created a docking model of fMKA EndA with its substrate RNA harboring the BHB motif, on the basis of the previously reported AFU-EndA-RNA complex structure ([@B57]) (Figure [4A](#F4){ref-type="fig"}). Given the identical structure between fMKA EndA and AFU EndA ([Supplementary Figures S5A and S6](#sup1){ref-type="supplementary-material"}), the model clearly represents that the phosphate group from the second RNA bulge (B2) is found at the similar location with the phosphate ion bound near the catalytic triad (Figure [4B](#F4){ref-type="fig"}). The tyrosine Y295 residue is located adjacent to the 2′-hydroxyl of the ribose of B2, suggesting that this residue plays an important role in the deprotonation of the 2′-nucleophilic oxygen during the cleavage. H303 and K334 residues both form a hydrogen bond with the phosphate ion bound to the α unit of fMKA EndA ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}, Nζ K334-O2 PO~4~^2−^ \[2.8 Å\] and Nδ H303-O2 PO~4~^2−^ \[2.8 Å\]), indicating that H303 is an acid catalytic residue responsible for donating a proton to the 5′-leaving group of B2, and that K334 contributes to the overall stabilization of the acid/base catalytic reaction carried out by H303 and Y295, consistent with the catalytic mechanism proposed for other EndAs ([@B11],[@B57]). The adenine base in the first bulge (B1) is known to be flipped out from the RNA strand owing to the cation--π interaction caused by two adjacent arginine residues in α~2~- and α~4~-type EndAs, or by arginine and tryptophan residues in the case of (αβ)~2~- and ϵ~2~-type EndAs ([@B11],[@B13]). Here, R327 and W356 residing near the adenine base appear to interact through cation--π interactions (Figure [4C](#F4){ref-type="fig"}).

![Docking model of the fMKA EndA-RNA complex (**A**). The model was created on the basis of the AFU EndA-RNA complex ([@B57]). The α and β units are colored as in Figure [3A](#F3){ref-type="fig"}. The phosphate backbones of double-stranded RNA are colored orange, and the base components are colored gray. (**B**) The candidates for the three catalytic residues (Y295, H303, and K334) are shown by a green stick model in the active site. The phosphate ion (PO~4~^2−^) and water (Wat) are depicted as stick (cyan) and ball (red) models, respectively. The uracil in the second bulge (B2) of the BHB motif is shown by a stick model (gray). (**C**) The candidates for the two residues (R327 and W356) responsible for substrate recognition are shown by a green stick model. The adenosine in the first bulge (B1) of the BHB motif appears to be in a stacking coordination with two amino acid residues, R327 and W356. (**D**) Intron cleavage activity of MKA pre-tRNA^Asn^ (GUU) by wild-type fMKA EndA and three Ala-substituted mutants (Y295A, H303A, and K334A). (**E**) Intron cleavage activity of MKA pre-tRNA^Glu^ (UUC) by wild-type fMKA EndA and three Ala-substituted mutants (Y295A, H303A, and K334A). Reaction mixtures were separated on 15% polyacrylamide/7 M urea gels. The cleavage products are shown using schematic models at the right-hand side of the gel.](gky003fig4){#F4}

To examine the relevance of these three residues (Y295, H303 and K334) in catalysis, we constructed three fMKA EndA mutants, with alanine substituting for each residue (Y295A, H303A and K334A), and carried out the intron cleavage assay for comparison with the wild type. Notably, all three mutants failed to process pre-tRNA^Asn^ (GUU) with a single canonical intron (Figure [4D](#F4){ref-type="fig"}), as well as pre-tRNA^Glu^ (GUU) with multiple introns (Figure [4E](#F4){ref-type="fig"}), strongly indicating that the residues Y294, H303 and K334 are in fact responsible for the RNA cleavage in fMKA EndA.

Substrate specificity of the specific loop lacking fMKA EndA {#SEC3-4}
------------------------------------------------------------

Native fMKA EndA should be able to remove both the canonical and non-canonical introns, otherwise *M. kandleri* would not survive. However, the efficiency of non-canonical intron cleavage was very low compared to that by the (αβ)~2~-type APE EndA (Figure [2](#F2){ref-type="fig"}). This feature brings into question whether fMKA EndA possesses the CSL or the ASL, the key loop structures conserved among (αβ)~2~-type and ϵ~2~-type EndAs for providing broad substrate specificity ([@B13],[@B28]). The superimposition of the fMKA EndA and APE EndA protein structure around the catalytic pocket revealed that, although their overall structures clearly overlapped, the specific loop was absent in fMKA EndA (Figure [5A](#F5){ref-type="fig"}). Furthermore, protein sequence alignment clearly indicated that *M. kandleri* EndA does not harbor a specific loop in the α subunit (Figure [5B](#F5){ref-type="fig"}).

![Structural and sequence positioning of specific loops responsible for broad substrate specificity. (**A**) Superimposition diagram of Cα atoms of the α subunit (gray) in APE EndA onto that of the α unit (magenta) in fMKA EndA. The three catalytic residues (Y295, H303, and K334) are shown by a green stick model. The conserved K44 residue in the CSL (red) is depicted as a red stick model. (**B**) Amino acid sequence alignment of α subunits around the CSL region (highlighted in orange). Full names of the archaeal species are as follows: *Methanopyrus kandleri, Aeropyrum pernix, Sulfolobus solfataricus, Pyrobaculum aerophilum, Candidatus* Micrarchaeum *acidiphilum* (ARMAN-2), *Methanocaldococcus jannaschii, Archaeoglobus fulgidus* and *Thermoplasma acidophilum*. The key Lys residues responsible for broad substrate specificity are shown in red.](gky003fig5){#F5}

To confirm that fMKA EndAs do not have the same level of broad substrate specificity compared to other specific loop-harboring (αβ)~2~-type EndAs, we further performed two additional assays. Considering the hyperthermophilic nature of *M. kandleri*, which has an optimal growth temperature of 98°C ([@B58]), we performed high-temperature *in vitro* cleavage assays of pre-tRNA^Asn^ (GUU) and pre-tRNA^Glu^ (UUC) at 80°C and 90°C ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). However, under both conditions, the splicing patterns of the introns of all three EndAs (AFU, APE and fMKA) remained unchanged compared to that with the assay performed at 70°C (Figure [2](#F2){ref-type="fig"}), indicating that fMKA indeed remains functional near the optimal growth temperature, but temperature change does not induce a change in substrate recognition or enzymatic activity to solve the inefficiency of HBh′ intron cleavage.

Second, we used mini-helix RNA, forming a non-canonical hBH structure, as a substrate known to be only processed by EndA (Figure [6A](#F6){ref-type="fig"}). Within 15 min, APE EndA could completely process the non-canonical hBH intron, whereas no obvious AFU EndA or fMKA EndA activity was detected even after an hour of incubation (Figure [6B](#F6){ref-type="fig"}--[D](#F6){ref-type="fig"}). The shortest 3′-end fragment between positions U29 and G36 removed by APE EndA was not detected probably because of the loss of fragment by phenol/chloroform/isoamyl alcohol and ethanol extraction. Collectively, these results demonstrate that fMKA EndA does not possess broad substrate specificity, but rather harbors limited substrate specificity, owing to the lack of a specific loop.

![RNA cleavage assay using the non-canonical hBH motif. (**A**) The predicted secondary structure of the substrate mini-helix RNA, mimicking a tRNA intron with an hBH motif located at the non-canonical position 59/60 in ARMAN-2 pre-tRNA^Cys^ (GCA) ([@B12]). Intron cleavage activity of the mini-helix RNA by AFU EndA, APE EndA and fMKA EndA at 70°C for 15 min (**B**), at 70°C for 30 min (**C**), and at 70°C for 1 h. (**D**) Reaction mixtures were separated on 15% polyacrylamide/7 M urea gels. In each gel, 'M' (first lane) and 'N' (second lane) indicate the molecular markers of fragmented RNA and control (no enzyme), respectively. The cleavage products are shown using schematic models at the right-hand side of the gel.](gky003fig6){#F6}

Coevolution of tRNA genes and broad substrate specificity {#SEC3-5}
---------------------------------------------------------

*M. kandleri* EndA remains the only known (αβ)~2~-type heterotetramer that lacks the specific loop. Recognition of diverse relaxed BHB motifs is likely an acquired feature specifically associated with the loop insertion event. Hence, to provide an updated view on the coevolution of EndA and tRNA genes, we mapped the EndA type, specific loop type, and tRNA gene diversity for 46 archaeal species, including the recently characterized DPANN and Asgard superphyla (Figure [7](#F7){ref-type="fig"}). For clarification, we reannotated the three distinct insertion sequences CSL, ASL, and Nanoarchaea/ARMAN-2 specific loop as L1, L2 and L3, respectively. The L1 loop is conserved throughout the TACK and Asgard superphyla but is not found in DPANN. In comparison, the L2 loop is known to confer broad substrate specificity in ARMAN-2 EndA, and is specifically found in homologous ϵ~2~-type EndAs from *Candidatus Mancarchaeum acidiphilum* Mia14, a recently sequenced archaeon related to ARMAN-2 ([@B59]). The L3 loop is found among diverse DPANN lineages, except for *Candidatus Parvarchaeum acidiphilum* (ARMAN-4). Previously, the α~4~ type was recognized to strictly cleave only the BHB motif; however, we found growing evidence of L3 harboring α~4~-type EndAs in multiple DPANN lineages, as well as in the newly proposed Stygia superclass Hadesarchaea (previously known as the South-African Gold Mine Miscellaneous Euryarchaeal Group), to be associated with a marked increase in tRNA gene disruption. Therefore, subunit type seems to have the least contribution towards substrate recognition, which has also been shown in a previous study ([@B16]). L1 and L2 reside at the N-terminal insertion site of the EndA protein sequence near the histidine residue of the catalytic triad, whereas the L3 loop is located in the C-terminus region, indicating a convergent evolution of EndAs toward acquiring broad substrate specificity ([@B13],[@B17],[@B27]). In particular, archaeal species with EndA inserts clearly represent a trend of increased tRNA gene diversity, unrelated to their EndA types. In addition, the inability to predict the complete set of tRNAs in some of the newly sequenced DPANN and Asgard lineages indicated the presence of unidentified disrupted tRNA genes, warranting in-depth sequence searches and manual curation.

![Divergence of EndA and tRNA genes in Archaea. tRNA genes are predicted for a total of 46 archaeal species that belong to five major groups: DPANN, Euryarchaeota, Stygia, Asgard and TACK. Classification of Clusters I and II, the Euryarchaeota and Stygia superclass, is as proposed by Adam *et al.* ([@B62]). Four types of EndAs (α~4,~ α′~2~, (αβ)~2~ and ϵ~2~) and the relative ratio of the four types of disrupted tRNA genes are indicated: single intron located at the canonical position 37/38 (blue), single intron located at the non-canonical position (light blue), multiple introns (orange), split introns, and permuted introns (purple). The boxed number indicates the total number of predicted tRNA genes for each species. The insertion of the three major EndA-specific loops, formally known as CSL (L1), ASL (L2) and Nanoarchaea/ARMAN-2-specific loop (L3), are indicated.](gky003fig7){#F7}

DISCUSSION {#SEC4}
==========

Our study demonstrated an active recombinant fusion protein, *M. kandleri* EndA, which could remove the canonical tRNA precursor intron but processed the non-canonical HBh′ intron in a less efficient manner than the (αβ)~2~-type APE EndA with a specific loop could (Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). The determined X-ray crystal structure of fMKA EndA revealed a rectangular parallelepiped formation, which is in good alignment with the structures from other previously elucidated EndA types ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). The presence of mature tRNA sequences obtained through *M. kandleri* RNA-Seq indicates that the HBh′ intron located in the D-arms of isoacceptor pre-tRNA^Glu^ (UUC) are indeed processed for maturation ([@B56]). The inefficiency of HBh′ intron cleavage could be the consequence of several possibilities combined, such as improper folding of the pre-tRNA during the cleavage assay at high temperature, a unique C-to-U editing at position C8 ([@B60]), and diverse RNA modifications observed in *M. kandleri* tRNAs ([@B61]). The major contribution of U8 is its base-pairing nature with A14 to stabilize the tertiary structure of mature tRNA. We speculate that having the intron located at position 20b/21 within the D-loop of pre-tRNA^Glu^ (UUC) will most likely disrupt the formation of the tRNA tertiary structure, and therefore, U8 should have a minimal effect on the folding of the non-canonical HBh′ motif, as well as the overall splicing activity of EndA. However, we have previously shown that the APE pre-tRNA^Thr^ (UGU) harboring the U8-A14 base pair with the intron located within the D-loop can be spliced efficiently by the APE EndA at 70°C ([@B28]), indicating the possibility that the C-to-U editing is not a limiting step for efficient intron splicing in the D-loop of *M. kandleri* pre-tRNA^Glu^ (UUC). Furthermore, we showed that the fMKA protein does consistently operate under a wide range of temperature conditions (70--90°C), while other nucleotide editing/modifications need to be taken into account to fully understand the underlying mechanism.

Interestingly, the L1 loop appears to compensate for such irregular arrangement of the tertiary core structure and/or lack of nucleotide modification and allow EndA to recognize diverse relaxed BHB motifs under a wide range of temperature conditions, as seen for APE EndA in our experiment. Other possible reasons, such as the contribution of tRNA-binding proteins or polyamines, remain to be investigated. Collectively, the evidence of mature tRNA^Glu^ (UUC) from *M. kandleri* RNA-Seq ([@B56]) and the observations from the intron cleavage assay and the crystal structure, together support the concept that native MKA EndA is capable of processing the non-canonical HBh′ intron but not the hBH mini-helix, suggesting this heterotetrameric enzyme to be unique in having a constrained range of substrate specificity. The lack of broad substrate specificity can be explained by the missing L1 loop at the N-terminus of the α catalytic subunit. Our bioinformatics analysis revealed that Asgard Archaea harbor the (αβ)~2~-type EndA, with an L1 insert previously known to be specific to the TACK superphylum ([@B40]); this strongly implies that the L1 insertion event has most likely occurred at the root of Asgard and TACK superphyla, after the MKA EndA α subunit diverged (red arrow, [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}).

On the basis of these observations, we provide the latest view of the possible evolutionary scenario of archaeal EndAs (Figure [8](#F8){ref-type="fig"}). Transition from α~4~ to α′~2~ type is consistent with the most recent perspective on archaeal phylogeny, in which the new root falls within Euryarchaeota as opposed to the traditional root separating Euryarchaeota and the TACK superphylum ([@B62]). The first cluster (Cluster I) includes the subset of euryarchaeal species such as those in class Methanococci, Thermococci, Methanobacteria, and Methanopyri, as well as Stygia, Asgard and TACK superclasses/superphyla, harboring α~4~- and (αβ)~2~-type EndAs. The remaining Euryarchaeota are reclassified as Cluster II, exclusively encoding the α′~2~-type EndA. The irregular α′~2~-type EndA found in Korarchaea can be explained by lineage-specific gene fusion, given the presence of the L1 loop within its EndA α subunit ([@B12],[@B26]).

![Possible evolutionary pathways of EndA proteins. Box representation of the four archaeal (α~4~, α′~2~, (αβ)~2~, ϵ~2~,) and two eukaryotic (αβγ, αβγδ) EndA types are shown with unit/subunit structure color coordination. A dotted line separates the EndA based on their predicted functional capability (strict versus relaxed BHB recognition) derived from the tRNA gene types (Figure [7](#F7){ref-type="fig"}). Possible gene diversification events such as gene duplication, gene fusion, and horizontal gene transfer are indicated as circled D, F and H, respectively.](gky003fig8){#F8}

The origin of the (αβ)~2~-type EndA is more complicated, given its presence in three distinct archaeal groups (Methanopyri, Nanoarchaeota and Asgard/TACK). However, the EndA phylogenetic tree supports the evolutionary relationships of MKA EndA α and β subunits with those of TACK/Asgard EndAs but not with *N. equitans* EndA subunits ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). The origins of DPANN EndA could be non-monophyletic owing to their scattered distribution and weak branch support of α and β subunits in the phylogenetic tree. The diversity of DPANN EndA architecture (α~4~, (αβ)~2~ and ϵ~2~) further implies the occurrence of active gene duplication, fusion, and horizontal transfer, which is in good correspondence with their symbiotic nature and high rates of genome evolution ([@B63]). However, the missing α′~2~ type and their consistency in harboring the L3 loop place the origins of the DPANN EndA catalytic α subunit near the α~4~-type class I Euryarchaeota EndA.

The origin of eukaryotic EndA poses yet another issue to be solved, although the heterotetrameric form (αβγδ), consisting of two catalytic (Sen2 and Sen34) and two accessory (Sen15 and Sen54) subunits, has been studied in model eukaryotes such as *Saccharomyces cerevisiae, Arabidopsis thaliana* and *Homo sapiens* ([@B64]). An evolutionary relationship between the archaeal α subunit and Sen2 and Sen34 exists, with approximately 50 amino acid residues being highly conserved ([@B4]). However, this region does not include the two major insertion sites (L1--L3) seen in archaeal EndA. Notably, the primitive eukaryotic red alga *Cyanidioschyzon merolae* is known to harbor disrupted tRNA genes, including permuted tRNA and multiple intron-containing tRNAs, a feature also found in Archaea ([@B65],[@B66]). In *C. merolae*, three EndA subunits (cmSen2p, cmSen34p and cmSen54p) are predicted to be responsible for processing these pre-tRNAs through relaxed BHB recognition, and different modes of subunit interactions might occur *in vivo* ([@B67]). Nevertheless, future structural analysis of *C. merolae* EndA is expected to reveal commonalities and evolutionary relationships between archaeal and eukaryotic EndAs.

In summary, analysis of the structure and function of an (αβ)~2~-type MKA EndA lacking a specific loop insert has provided a proof-of-concept regarding the relationships among subunit architecture, insertion, and broad substrate specificity of the EndA enzyme. MKA EndA stands as a pivotal enzyme during the subfunctionalization history of EndA, likely representing the ancestral form of the (αβ)~2~ type lacking the specific loop, albeit harboring a constrained range of substrate specificity. Herein, our experimental results, along with the bioinformatics analysis, strengthen the view that specific loop insertions (L1, L2 and L3) might be the major factors determining the efficient cleavage of diverse relaxed BHB motifs.
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